soft-agar plates (214010; Difco)) and was incubated at 30°C for 7 hours. Ability of cell 1 3 9 motility was evaluated from a colony's diameter by Image J 1.45s 1 4 0 (http://rsb.info.nih.gov/ij/). All experiments were performed at room temperature. The flow chamber was composed 1 4 3 of two coverslips (no. 1, 0.12-0.17 mm thickness, Matsunami Glass) with different 1 4 4 sizes (18 × 18 and 24 × 36 mm) [23, 24] . The 24×36 mm cover glass was 1 4 5 glow-discharged with a hydrophilic treatment device (PIB-10; Vacuum Device) to clean 1 4 6 its surface. Two pieces of double-sided tape, cut to a length of ∼ 30 mm, were used as 1 4 7 spacers between coverslips. Two tapes were fixed with a ∼ 5 mm interval, and the final with 10 μ l of the cell-suspension medium. For observation of stuck cells under a total internal reflection fluorescence microscopy 1 6 8 a CMOS camera at 60 frames s -1 for 10 sec thorough 40× objective, as previously 1 6 9
described [5, 26] . Rotational motions of cell bodies were analyzed using custom 1 7 0 software based upon LabVIEW (National Instruments). The CW bias was defined as Fig. 3c ). nm; Compass-315M-100, Coherent) was introduced into an inverted microscope (IX71, Newport). Images were recorded at 2.5-ms intervals, using an EMCCD camera with a 1 8 0 magnification of 130 × 130 nm 2 at the single pixel on the camera plate. a slide glass, wait until the agarose was solidified, and then put 10 μ l of culture on it. Nikon), a CMOS camera (H1540; Digimo). Images were recorded at 20 fps for 15 sec. To identify reorientation events from trajectories, we used three strategies, as previously 
, we defined the angle against the horizontal axis as θ 2 0 2 (t). If the two successive angle changes, θ (t 1 )-θ(t 0 ) and θ (t 2 )-θ(t 1 ) were over α , that point < α with the speed of more 5 μ m s -1 ; hence, the minimum duration of run was 80 ms. The threshold α is described as the following equation: video to avoid the detection of false events and found that the best value of c is 3. We found that ATCC10798 cells did not form a swarm ring on the semi-solid agar plate, 2 2 1 while W3110 cells were able to do so ( Fig. 1a ). Previous studies reported that cells 2 2 2 defective in chemotaxis, motility or lacking active flagella did not form a ring on the 2 2 3 semi-solid agar plate ( Supplementary Fig. 2) [28]; therefore, it was conceivable that 2 2 4
ATCC10798 cells would be unable to exhibit swimming or switching behavior. To 2 2 5 address this, we performed microscopic measurement using a phase-contrast 2 2 6 microscope (Supplementary Video 1). Unexpectedly, ATCC10798 cells showed 2 2 7 swimming motility with reorientations, which is a different motility pattern to W3110 2 2 8 cells ( Fig. 1b ).
9
To better understand the different motility modes between strains, we quantified the angle in ATCC10798 has a bimodal shape, with peaks at 70° and 150°. This indicates 2 3 6 that cells reversed their swimming directions ( Fig. 1d top) , which was previously 2 3 7
reported in Salmonella enterica serovar, a curly mutant of S. typhimurium [29] . The which was similar to the angle previously reported ( Fig. 1d bottom) [27].
4 0
Next, we analyzed flagellar morphology using TEM. In ATCC10798, the average 2 4 1 1 2 number of filaments was two, and the average length ± SD was 4.7 ± 1.1 μ m (Fig 1e top, 2 4 2 n = 62). The flagellar pitch and helix radius were measured to be 1.3 ± 0.2 μ m ( Fig. 1f 2 4 3 top) and 0.14 ± 0.03 μ m ( Fig. 1g top) , respectively, which corresponded to the curly structural parameters are summarized in Supplementary Table 3 . To elucidate the basis for the difference in the swimming mode between ATCC10798 during forward swimming (Fig. 2f ). This result suggests that the larger helix can 2 7 3 produce a stronger thrust, as previously predicted by mathematical modelling [31]. We next determined flagellar structure and function, simultaneously, using TIRFM [10, 2 7 7 21, 22]. We found that a cell attached to the glass surface can rotate its flagellar filament 2 7 8 freely, by treating coverslips with poly-L-lysine and BSA. In ATCC10798, we could see Video 4). From this analysis, we conclude that forward and backward movements in modes in Supplementary Fig. 3 . transformation from the left-handed into right-handed filament within 100 ms 2 9 0 ( Supplementary Fig. 4 left and Supplementary Video 6). We also detected this 2 9 1 reversible transformation from right-to left-handed ( Supplementary Fig. 4 right and 2 9 2 Supplementary Video 7). Furthermore, we observed coiled-state flagellar filaments with 2 9 3 a radius of 0.78 ± 0.02 μ m in W3110 ( Supplementary Fig. 5 ).
9 4
Quantification of single motor behaviors by tethered-cell assay 2 9 5
Previous studies claimed to identify torque-dependent flagellar transformation, based on 2 9 6 direct measurement using a dark-field microscopy and molecular simulation [32, 33] . However, we could not detect the flagellar transformation in ATCC10798 experiments, 2 9 8
suggesting that the motor torque might be insufficient to cause flagellar transformation. To address this point, we quantified the motor properties using a tethered-cell assay ( Fig.   3  0  0 3a, see Material and Methods). We recorded the rotation for 10 seconds in each 0.27 in the W3110 (Fig. 3b and c) . The rotation rates of ATCC10798 and W3110 were 3 0 4
7.3 ± 1.4 Hz and 7.0 ± 1.3 Hz, respectively (Fig. 3d ). We could not detect any difference 3 0 5
in the motor speed between two strains (P = 0.1864 > 0.05 by t-test), suggesting that the 3 0 6
defective flagellar polymorphism of ATCC10798 is not caused by its motor properties. shapes, such as a normal, semi-coiled, and curly [34] [35] [36] . Additionally, it is known that 3 1 2 1 5 some point mutations can lead to formation of these left-and right type protofilaments 3 1 3
[37-39]. Therefore, we compared the fliC between ATCC10798 and W3110, and found 3 1 4
that residue 87 of FliC in ATCC10798 was changed from asparagine to lysine (Fig. 4a) . The effect of amino acid substitutions on polymorphic flagellar transformation is well 3 1 6 studied, but the effect of this substitution on flagellar formation has never been 3 1 7 investigated, to our knowledge. To check whether this substitution was truly responsible for the transformation from a Methods). We first examined the flagellar morphology using TEM (Fig. 4b ). The pitch 3 2 2 and helical radius of SHU102 flagella were 2.5 ± 0.2 μ m (Fig. 4c top) and 0.20 ± 0.04 3 2 3 μ m ( Fig. 4c bottom) , respectively, which corresponded to the normal flagellar type, as 3 2 4 observed in W3110 ( Fig. 1f and g bottom) . We next investigated the swimming motility was similar to that observed in W3110 (Fig. 4d) . Additionally, SHU102 cells displayed 4e). Furthermore, we examined the effect of this substitution on chemotactic response, 3 2 9
using a capillary (tip) assay, and found that FliC(N87K) substitution did not influence 3 3 0 on it ( Supplementary Video 10 and Supplementary Fig. 6 ). These results were (Supplementary Result 1).
3
We also examined the rotation rate and morphology of the flagellar filaments using TIRFM ( Supplementary Fig. 7) and found that SHU102 cells had the left-handed right-handed form, depending on motor switching, which has never been observed in 3 3 7 Video 11) . These results suggest that FliC(N87K) 3 3 8
ATCC10798 cells (Supplementary
caused the structure of filaments to be fixed in a right-handed helicity. Fig. 6 ), they were not able to swim on semi-solid agar (Fig. 1) . To examine the reason, cells could do so (Fig. 5a ). Phase-contrast microscopy revealed that some W3110 cells 3 4 6
were dispersed thinly to all areas ( Fig. 5b (i) and (ii)), whereas ATCC10798 cells were 3 4 7 more densely existed ( Fig. 5b (iii) ). To check this difference in detail, we observed the Methods). ATCC10798 cells were not able to swim once they stuck to the surface 3 5 0
( Supplementary Video 12) . On the other hand, W3110 cells frequently stuck to the 3 5 1 surface but escaped via 180°-reversals, without reorientation of the cell body ( Fig. 5d-f ). swimming. [40] . Additionally, we found that W3110 cells frequently reversed their Video 13) . Taken together, we conclude that filament, the E84 and E122 residues form multiple hydrogen bonds with the N439 3 7 8 residue at 5-start interface. In the R-type filament, hydrogen bonds are formed between 3 7 9
E84 and T438 and between T130 and N439 at 5-start interface. These residues are 3 8 0 conserved among different bacterial species ( Supplementary Fig. 11c ). Although the 3 8 1 specific interaction of the N87 residue was not detected in both L-and R-type subunits, [37] Hayashi, F., Tomaru, H., Furukawa, E., et al. 
